Albitization appears to be one of the most important transformations affecting aluminium silicates in the superficial zone of the Earth's crust, occurring in a variety of different formations. However, this process has not yet been clearly recognized in Africa. In this paper, we present the process of albitization in the context of an African sedimentary basin, in particular the Neoproterozoic to Palaeozoic arkosic sandstones of the Niari basin in the Republic of Congo. Differents faciès, mineral parageneses associated, chemical compositions of these albitizations are presented. The morphology of these albitization textures, which are often developed as a peripheral halo composed of pure albite surrounding (with a sharp contact) the practically unaltered potassium feldspar, would argue in favour of in situ albitization. In the same way, the presence of calcium-rich zones sometimes surrounding the albitized domains would support this hypothesis, the calcium being exsolved at the outer grain boundary during in situ formation of the albite. Thus, the presence of in situ albitization in the Inkisi sandstone could indicate an important marine influence on the sedimentary environment and diagenesis of these sandstones.
INTRODUCTION AND GENERAL REVIEW ABOUT ALBITIZATION
The term "albitization" designates the process by which albite replaces certain minerals or is formed as a secondary phase in the pores of a rock. In a restrictive sense, this term refers to the transformation of plagioclase feldspars (anorthite-albite solid solution) and especially potassium feldspars (orthoclase, microcline) to albite (Smith, 1972 (Smith, , 1974 Moody et al., 1985; Slaby, 1992; Pérez et al., 2005) .
Since the beginning of the 20 th century, albitization has been recognized as a process that mainly affects plagioclases in igneous basic rocks. One of the oldest publications on the subject is by Bailey and Grabham, (1909) . Albitization was later identified as occurring in plagioclases of other igneous and metamorphic rocks, particularly in granites and granodiorites (Hess, 1950; Deer et al., 1963; Fox 1989) , in alkali carbonatite complexes (Bodart 1980) , in spilitized lavas (Eskola and al., 1935; Rosenbauer and al., 1988) and in volcanic tuffs (Boles and Coombs 1977) .
Apart from plagioclases, some albitization has also been also observed in potassium feldspars of deepseated igneous rocks (Anderson, 1928; Anderson, 1937; Gilluly, 1933; Starkey, 1959; Smith 1974; Fox 1989 ).
Because of these early studies, research on albitization became essentially focused on rocks formed under high temperatures and pressures.
Although Tester and Atwater (1934) were the first to report the presence of authigenic feldspars in sediments, it is only recently that albitization processes have been recognized in sedimentary basins. These processes have been studied in the context of research on sandstones making up oilfield reservoirs, since albitization is able to modify the physical and chemical properties of reservoir rocks. Thus, the albitization of potassium feldspars has been described in the Jurassic, Lower Cretaceous and Tertiary reservoir sandstones of Norway (Saigal et al., 1988; Aagaard et al., 1990) , in the Proterozoic arkoses and greywackes of Sweden (Morad, 1986) , in Palaeozoic arkoses (Carboniferous called Pennsylvanian) in the region of Denver in Colorado (Walker, 1984) and in the sandstones of Quebec in Canada (Ogunyomi et al., 1981) .
A certain number of oil exploration studies have also investigated the albitization of plagioclase in sedimentary rocks, as in the case of the Frio formations in Texas (Land and Milliken, 1981) , the Steven sandstones in California (Boles, 1982 and , the Miocene sandstones of Louisiana (Gold, 1987) and the Triassic sandstone reservoirs of the Snorre oilfield in the North Sea off Norway (Morad et al., 1990) .
More studies have been carried out on albitized alteration in relation to uranium concentrations in France (Schmitt, 1983 (Schmitt, , 1986 Simon-Coinçon 1989) . These authors have demonstrated the importance of albitization in controlling the redistribution and concentration of metals in ore deposits (U, V, Th, Zr, Y, Sc, Zn, Ba, Mn. and Fe) , particularly in the case of uranium. According to these studies, albitization plays an important role in controlling the location of uranium deposits in the Rouergue massif of France.
STATEMENT OF PROBLEM
In view of all these studies, albitization appears to be one of the most important transformations affecting aluminium silicates in the superficial zone of the Earth's crust, occurring in a variety of different formations.
However, this process has not yet been clearly recognized in Africa. Albitization appears to have been observed in Mali by A. Blot, as well as in the region of Bobo Dioulasso in Burkina Faso by G. Grandin, notably in the unconformity zone where Upper Proterozoic red sandstone overlies the basement (Blot and Grandin: oral communications). However, no scientific report on this subject has ever been published in the case of West Africa.
The aim of the present study is to present the process of albitization in the context of an African sedimentary basin, in particular the Neoproterozoic to Palaeozoic arkosic sandstones of the Niari basin in the Republic of Congo.
MATERIALS AND METHODS
The approach used in this study is essentially descriptive, based on a petrographic study using the optical microscope, supplemented by some observations and elemental microanalyses by scanning electron microscope (SEM). The optical polarizing microscope was a Leica DM RXP instrument, coupled to a Nikon Coolpix E 4500 digital camera. The observations and optical microphotography were carried out at the "European Centre of Research and Teaching in Environmental Geosciences (CEREGE) of Aix-enProvence. The scanning electron microscope (SEM) observations and microprobe analyses were performed at the Pluridisciplinary Centre of Electronic Microscopy and Microanalysis (CP2M), Faculty of Sciences of Saint Jérôme, University of Marseille (France).
Such an approach allowed us to make well founded mineralogical determinations and, especially, to establish the spatial and hierarchical relationships between the different minerals observed.
GEOGRAPHICAL LOCATION AND GEOLOGICAL SETTING OF THE INKISI FORMATION
The term "Inkisi Formation" is derived from the name of a tributary of the Congo River, situated in the northern part of the Democratic Republic of Congo (Central Africa), where this formation was first described (Cahen, 1954) . Subsequently, the Inkisi Formation was recognized in the Republic of Congo (Cosson, 1955; Dadet 1969) and Angola (Stanton et al., 1963) . On the other hand, it has not been yet observed in the Republic of Gabon.
Thus, on the scale of West Africa, the Inkisi Formation extends from the southern part of the Democratic Republic of Congo (DRC), across CongoBrazzaville and into the north of the Republic of Angola (Fig. 1) .
Fig. 1:
Geographical location and geological setting of the Inkisi Formation [map built from the maps of Alvarez and al., (1995) and Frimmel and al., (2006) ].
In the Republic of Congo (Congo-Brazzavile), where the present study was carried out, the Inkisi Formation crops out extensively to the west of Brazzaville, covering an area located between latitudes 4° to 10° South and longitudes 14°to 20° West.
From the stratigraphic point of view, the Inkisi Formation is the uppermost unit of an Upper Proterozoic geological succession named the "West-Congolian System" as defined by Cosson (1955) , in which the Inkisi Formation is described as a Series.
The position of the Inkisi Formation at the top of the West-Congolian System has been also recognized by other authors (Tabl. 1), who describe this unit as forming a series, subseries or group in the Republic of Congo (Dadet, 1969; Boudzoumou 1986) , in the Democratic Republic of Congo (Cahen, 1954) and in Angola (Stanton et al., 1963) as shown in Table 1 . Other authors consider that this formation has undergone a distinctly different history from the underlying succession, assigning it to the Palaeozoic (Alvarez et al., 1995) and arguing that this tabular formation appears to be unaffected by the Pan-African orogenesis that has deformed all the underlying formations. Moreover, in Angola, the Inkisi Formation is directly overlain by the Karoo deposits, which are of Permian age.
Owing to lack of precise dating results, the age of the Inkisi Formation is not yet clearly established, and could vary between the Upper Proterozoic and the Palaeozoic. The Inkisi Formation is of great interest to the oil industry due to its position on top of the Precambrian rocks of Congo, located at the transition with the fold belt of the Lower Congo Basin. Of the basis of field and petrographic observations, the Inkisi Formation exhibits two facies: a predominantly pink facies and a green facies. These two facies correspond to arkosic and subarkosic sandstones, according to the The principal constituents of the sandstones are quartz (68 to 78%), feldspar, essentially microcline (18 to 30%), and lithoclasts commonly of quartzite (2 to 12%). Some flakes of micas, essentially muscovite (2 to 5%) are also present. The cement is essentially ferruginous (hematite) and clayey (illite, smectite and chlorite). The general texture is grain-supported. However, there are some substantial mineralogical differences between the two facies. Quartz is more abundant in the pink facies and feldspars are more common in the green facies. In terms of clay mineralogy, the pink facies are dominated by the smectite -illite and the green facies by chlorite -illite.
ALBITIZATION FACIES
The albitization facies observed under the optical microscope exhibit different forms and textures, the most characteristic texture being peripheral or perthitic, along with the development of twinning, as well as chessboard, channel and polar albitization (plate I).
Peripheral albitization:
This is present as a halo of albite around relatively unaltered crystals of potassium feldspar, mostly composed of microcline easily recognizable by its clear cross-hatched twinning pattern resembling a tartan (plate I, photo 1).
The halo is irregular and discontinuous, being absent at the contact points with the neighbouring grains. Its thickness is therefore variable and corresponds, at the most, to 1/5 of the grain size. The halo is distinctly differentiated from the host feldspar since it is colourless in plane polarized light PPL (plate I, photo 2), showing clearer grey interference colours in cross-polarized light CPL (plate I, photo 1). The halo is finely dotted with brownish alteration products (clearly visible in PPL) concentrated close to the contact with the band of central feldspar, which impart the reddish colour already perceptible to the naked eye and especially under the magnifying glass. At higher magnification, next to these more high-birefringence globular alteration products, we observe abundant small minerals more or less elongate or in rods, which are of greenish colour and showing higher birefringence.
The boundary between the albitized halo and the non-albitized central part of the potassium feldspar appears fresh, sharp and linear. In a general manner, this boundary appears very smooth and regular, although sometimes it is curved and penetrates into the contacts of the unaltered part of the mineral. This feature is very striking.
Perthitic albitization: on the inner side of the peripheral fringe, albitization penetrates into the unaltered potassium feldspar, spreading along a regular network of cleavage planes. In this way, the albite grows in linear and parallel bands that form stripes crossing the potassium feldspar, as illustrated in photo 3, plate I.
These internal albitic bands have the same optical characters (colour, birefringence, angle of extinction) as the peripheral halo; the two types of albitization (peripheral and internal) are therefore developed in optical continuity, probably with the same crystallographic orientation. As already observed in the previous case, some brownish globular products also occur within the internal and peripheral domains of albitization.
Albitization associated with polysynthetic twins or chessboard patterns:
In some cases, the albitized bands show clearly perceptible polysynthetic twins in plane polarized light (PPL) (Photo 4, plate I). Observed under high magnification, this albitized band appears to be made up by the juxtaposition of 20-µm sized grains in a chessboard pattern (Starkey 1959) , oriented parallel to the polysynthetic twin of the microcline.
Channel albitization:
This type of albitization penetrates the whole grain, isolating some multiform relicts of the unaltered potassium feldspar (Plate I, photos 5 and 6). The process of albitization leads to the formation of large interconnected bands separating islets of relatively unaltered potassium feldspar. These islets are seen in high relief against the albitized background. We observe fibrous minerals close to the brown and yellow globular products, especially concentrated in the middle of the albitized bands (plate I, photo 6). The fibres of these minerals appear unidirectional, oriented in the same direction and perpendicularly to the outlines of the unaltered band.
Polar albitization:
In this case, the albitized bands are developed on the opposite sides of the apparently intact potassium feldspar, which is striped with anastomosing channels of albite. Such an arrangement seems to reflect a polarity in the development of the albitization (Plate I, photo 6).
MINERAL PARAGENESES ASSOCIATED WITH ALBITIZATION
Under the optical microscope, it is common to observe particular mineral parageneses associated with albitization.
Albitization associated with quartz:
The observed albitization is often associated with quartzification (Plate II, photo 1). The overall reaction involving the direct albitization of potassium feldspar, as proposed by some authors (Walker, 1984; Saigal et al., 1988; Ben Baccar and al., 1993) Photo 2 : Albitizations associated to the calcite PL -Scale : ▬ 100µm
Photo 3 : Albitizations associated to the illite (birefringence border) -LPA -Scale : ▬ 50µm
Photo 4 : Albitization of a muscovite LPA -Scale : ▬ 100µm
Plate II: Mineral parageneses associated with different types of albitization in the Inkisi sandstone.
Albitization associated with phyllosilicate mineral (illite)
Some of the observed albitization is associated with the formation of a phyllosilicate mineral (e.g. illite), making up some highly birefringence rims around the feldspar and the albitized band (Plate II, photo 3).
Albitization affecting other minerals:
In the Inkisi sandstone, albitization seems to affect other minerals apart from the feldspars. Thus, photo 4 of plate II shows feldspars with clearly visible polysynthetic twins, which appear to be growing at the expense of muscovite.
CHEMICAL COMPOSITION OF ALBITIZED DOMAINS
To determine the chemical composition of the albitized domains, we carried out microprobe analysis ( Table 2 ) and established chemical distribution maps of the major elements (Plate. III) in the albitized potassium feldspar. The microanalyses were performed on the clear albitized rims (microanalysis 1), on clear veins of internal albitization (microanalysis 2 and 3) and on the host potassium feldspars (microanalysis 4). The results are expressed as atomic proportions ( Table 2) .
These results show that the albitized domains, notably those at the rim, are composed of pure albite (containing only sodium, without calcium).
The elemental distribution maps confirm the exclusively sodic character of these albitized domains (Photos 2 and 3, plate III). The calcium is localized around the albitized band (Photo 4, plate III). (2), potassium (3) and calcium (4) in the albitized potassium feldspar.
DISCUSSION AND CONCLUSION
As pointed out in the introduction, albitization is a process of transformation that affects the feldspars and possibly other minerals as well. This process has long been recognized in endogenous rocks, notably in igneous rocks containing potassium feldspars.
Albitization can be easily understood in the context of igneous or metamorphic rocks, because of the elevated pressures and temperatures that govern
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their formation (feldspars being minerals that are generally formed at high temperatures). On the other hand, there is still much controversy about the process of albitization in sedimentary rocks and alterites, which are formed at low pressures and very low temperatures.
This explains why two schools of thought have arisen. Some authors consider that certain types of albitization can occur in-situ in sedimentary rocks, by hydrothermal processes during diagenesis ( Ogunyomi et al., 1981; Walker, 1984; Morad 1986 ) and even at surface conditions during supergene alteration (Schmitt 1986 ), according to mechanisms that remain to be specified. In these cases, the albite is of lowtemperature type. On the other hand, other authors exclude the possibility of in situ formation of diagenetic or supergene low-temperature albite. These authors suggest a simple inheritance from the parent rock, in which the clastic material is already albitized before incorporation in the sediment. The albitization observed in sedimentary rocks, notably in sandstones, would therefore simply reflect inheritance from endogenous parent rocks (Ollerenshaw, 1967; Lajoie, 1973; Tawadros 1977) .
This study describes the main albitization facies observed in sandstones from an African sedimentary context where these types of texture have been seldom reported. We lack sufficient data to determine whether the albitization is autochthonous (authigenic) or allochtonous (inheritance of detrital grains). However, the morphology of these albitization textures, which are often developed as a peripheral halo composed of pure albite surrounding (with a sharp contact) the practically unaltered potassium feldspar, would argue in favour of in situ albitization. In the same way, the presence of calcium-rich zones sometimes surrounding the albitized domains (Photo 4, plate III) would support this hypothesis, the calcium being exsolved at the outer grain boundary during in situ formation of the albite.
The albitization reaction requires a considerable input of sodium, which can then enter the crystal lattice by substituting for the potassium in the host mineral (in this case, microcline). Thus, the presence of in situ albitization in the Inkisi sandstone could indicate an important marine influence on the sedimentary environment and diagenesis of these sandstones. Previous authors evoked a purely continental origin for this formation, suggesting that it was deposited in fluvial channels (Cahen, 1954; Cosson, 1955; Dadet, 1969; Boudzoumou 1986 ). More recent studies assigned a deltaic origin to this formation (Alvarez and al., 1995) , which is compatible with the interpretation given here, that is, that the Inkisi Formation was subjected to a strong marine influence during its deposition, which would have had some effects on the diagenesis of the sandstones.
To obtain a better knowledge of albitization phenomena in sedimentary rocks, it will be necessary to carry out a finer-resolution petrographic approach using the scanning electron microscope (SEM) and the microprobe. This would allow us to improve our understanding of the relationships between the different types of albitization and the mineral parageneses associated with them. In addition, some interesting results can be obtained using oxygen and hydrogen isotopes as tracers of the fluids in the context of diagenesis.
